ABSTRACT We used the red ßour beetle, Tribolium castaneum Herbst (Coleoptera: Tenebrionidae), to compare three feeding bioassay techniques using ßour disks. The area (scanner or digital photographs) and mass (sensitive balance) of the same ßour disks were measured daily for 1 or 2 wk to assess feeding by insects. The loss in mass and area over 4 h was measured, as some variation over time was noticed in the disks with no insects feeding on them. The gravimetric method correlated well with both measurements of the area for the disks held in a growth chamber: scanner (R 2 ϭ 0.96), digital photography (R 2 ϭ 0.96). There was also a high correlation (R 2 ϭ 0.86) between the disk weight and area scanned at normal lab conditions. There were differences in the percentage of the disks remaining over time depending on the temperature and whether they were weighed or scanned. Measuring the mass of the disks resulted in a relatively larger percent of disk remaining compared with the scanned area. Mass measurements required a sensitive balance, handling of the disks and the insects, and appeared slightly more sensitive to humidity and temperature changes over time. Scanning the disks requires ßat bed scanner access but less handling of both insects and disks. Digital photographs could be taken quickly, requiring less equipment, although photographs had to be further processed to determine area. Scanning or taking digital photographs of ßour disk area was an effective technique for measuring insect feeding.
A wide range of bioassay techniques have been developed for testing the effects of natural and synthetic compounds on the feeding of insects (Koul 2004 ). Techniques for measuring insect feeding vary depending on factors such as the type of compound being tested, the life stage of the insect, and the type of food. Therefore, the ways in which feeding activity is measured in different situations also varies. For example, a classic method of measuring feeding activity for phytophagus insects uses uniform disks punched out of leaves (e.g., Wijkamp and Peters 1993, Koul 2004) . Following feeding on treated or control leaf disks, the remaining leaf area can be measured and compared with other treatments.
The red ßour beetle, Tribolium castaneum Herbst (Coleoptera: Tenebrionidae), is a pest of stored grain products and is found worldwide. Xie et al. (1996) developed a gravimetric feeding bioassay that is an effective method of testing a wide range of potential deterrent or toxic compounds (e.g., Liu and Ho 1999, Huang et al. 2000 , Hou et al. 2004 , Fields et al. 2010 . In this method, the ßour disks are weighed to determine differences in the amount of feeding between treatments over time. It requires a sensitive balanceÑ one that can measure as small a difference as 0.1 mg. In this article, we compare the gravimetric disk bioassay (Xie et al. 1996) with the disk area eaten, a technique widely used in leaf consumption bioassays (e.g., OÕNeal et al. 2002) . We conducted feeding bioassays using red ßour beetles in which we measured the ßour disks using three different methods: scanning to record surface area, using digital photographs to determine surface area, and weighing the disks.
Materials and Methods
Experimental Insects. T. castaneum were reared on organic whole wheat ßour with 5% brewerÕs yeast by weight at 30ЊC. The adult insects used in the experiment were 0 Ð21 d old at the beginning of the experiment. Adults that were visibly healthy were removed from the ßour jars the day before the experimental trial and were starved overnight before the beginning of the bioassay.
Disk Manufacture. Flour disks were made using slightly modiÞed methods from Xie et al. (1996) . Unbleached organic white ßour (800 mg) and distilled water (4 ml) were stirred using a magnetic stir bar for a minimum of 2 min. Aliquots (100 l) were pipetted onto aluminum weigh boats (Fisherbrand, Fisher, Pittsburgh, PA). The weigh boats were then covered with plastic petri dishes (Fisherbrand, Fisher), allowing slight airßow, and allowed to dry at room temperature overnight. The following day the disks were put into the plastic petri dishes and placed into a covered plastic bin with a beaker of 200 ml of saturated NaCl aqueous solution to allow stabilization of moisture content for 24 h.
Methods for Estimating Feeding. Scanning Versus Weighing. To compare scanning and weighing, the ßour disks were removed from the bin after equilibrating for 24 h. Bioassays were conducted keeping the disks in a bin at room temperature (26 Ϯ 3ЊC and 68 Ϯ 8% relative humidity [RH] in the bin) and in a growth chamber (29 Ϯ 2ЊC and 74 Ϯ 10% RH in the bin). For both room temperature and growth chamber sets, Þve disks were placed in 25 plastic petri dishes, before ßour beetles were introduced. The ßour disks were scanned (Epson Expression 1640XL, Long Beach, CA) to calculate the surface area of the disks (WinFOLIA Pro 2003d) as well as weighed (SI-235 analytical balance, Denver Instrument, Arvada, CO, measures to 0.1 mg) for initial measurements. TwentyÞve T. castaneum adults that had been removed from the colony the previous day were added to each petri dish and were placed in a covered plastic bin (37.4 by 24.1 by 14 cm) lined with aluminum foil to keep light out. In addition, 10 plates of Þve ßour disks containing no beetles (nonfeeding control) and Þve plates containing no ßour disks but 25 insects (starved control) were also placed in each bin. A beaker with 200 ml of saturated salt (NaCl) water solution was placed in each bin to maintain humidity. A temperature and humidity gauge (Accu-temperature Digital Thermometer, SpringÞeld Instrument Company, Montreal, QC) was also placed in each bin. The covered bins were sealed using duct-tape to keep the humidity high. One bin (40 petri dishes) was left at room temperature while the other (40 petri dishes) was placed in a growth chamber at 30ЊC.
All disks were weighed and scanned every day for 2 wk, and beetle mortality was noted. Temperature and humidity were recorded immediately on opening the plastic bin. We alternated which disks were weighed Þrst while the other disks were simultaneously scanned (room temperature vs. growth chamber).
Photographing Versus Weighing. To compare digital photography and weighing to estimate feeding, the disks were prepared and humidiÞed as described in the Disk Manufacture section. However, only 10 plates with insects and Þve plates without insects (no feeding) were kept in a bin at 30ЊC and measurements were only taken over 1 wk. The photographs were taken using a Sony Cyber-Shot digital camera (DSC-H1, 5.1 megapixels) set on a tripod to ensure that the camera was the same distance from the disks every time (Fig. 1B) . A piece of cardboard was used to prevent glare from the petri dish and a black background was used as contrast to the ßour disks. Before photographing disks, a photograph of metric graph paper was taken and used to calibrate the number of pixels in a square centimeter. Disks were removed from the plates to separate them from the insects and then weighed and photographed immediately. Obtaining the mass and the photographs for all the disks took Ͻ20 min. After taking the photographs, disk area was then calculated using the open-source GNU Image Manipulation Program 2.6.11 for Windows (GIMP Development Team 2010) . Using the contrast of the ßour disks against the dark background allowed the number of pixels in the disks to be determined (Fig.  1A) . The area of the ßour disks was calculated by using the number of pixels in the known area on the graph paper.
Loss on Bench Top. Based on preliminary results, there was a noticeable reduction in recorded mass and recorded area using scanning over ϳ4 h. To determine whether the length of time that the disks sat at room temperature affected the mass and area of the ßour disks, we made new ßour disks as described previously. However, no beetles were added to the disks. The disks were humidiÞed for a minimum of 24 h either at room temperature or at 30ЊC before being removed from their bins. The disks were then scanned and weighed in less than 5 min after the bin was castaneum. There were signiÞcant differences (P Ͻ 0.05) in the percent of disk remaining from area-and mass-based data between the growth chamber bin ßour disks and room temperature bin ßour disks for all days. There were signiÞcant differences (P Ͻ 0.05) between the growth chamber bin percent of disk remaining from the area and mass measurements and between the room temperature bin percent of disk remaining from the area and mass measurements for all days.
initially opened. The ßour disks being weighed and scanned were kept at room temperature and humidity on the bench after the initial mass and area were recorded (21.1ЊC and 20% RH) and then reweighed and rescanned every hour for 4 h. Data Analysis. Scanning Versus Weighing. The number of dead beetles after 14 d was analyzed using Wilcoxon rank sum tests, as the data did not meet requirements for a parametric analysis. The mortality between the room temperature and growth chamber starving controls and between the room temperature and growth chamber feeding plates were compared. To ensure a balanced sample size, a randomly selected subset of Þve feeding plates was compared with mortality in the Þve starving controls at each corresponding test temperature.
Feeding plates with Ͻ25 living ßour beetles remaining after 14 d were removed from the analysis (Þve plates in the room temperature bin, two plates in the growth chamber). Three more plates from the growth chamber bin were randomly selected and excluded from analysis to ensure equal sample sizes. To compare measurements of feeding area (square centimeter) versus mass (gram), the data for each plate were transformed into the proportion of ßour disk remaining (relative to day 0). The data did not meet requirements of parametric analysis. Therefore, the proportion of each ßour disk remaining between area and mass-based measures within the growth chamber bin were compared using Wilcoxon signed rank tests for each day. The ßour disks held in the room temperature bin were analyzed in the same way. To compare the proportion of each ßour disk remaining using area measurements between the growth chamber and room temperature bins for each day, Wilcoxon rank sum tests were used. The same method was used to compare the proportion of each ßour disk remaining using mass measurements for each day between the two bins. A linear regression between the disk area (square centimeter) and the disk mass (gram) of ßour disks from both the room temperature and growth chamber was also created. Photographing Versus Weighing. A linear regression between the disk area (square centimeter) recorded using photographs and the disk mass (gram) recorded using a scale was calculated, and did not include the no-feeding control plates.
Loss on Bench Top. The changes in both disk area and in mass while disks were kept on the lab bench were nonlinear. A Michaelis-Menten model was used to describe the change in disk area (square centimeter) recorded using a scanner and the change in disk mass (gram) recorded using a scale over the 4-h time period (Price and Stevens 1999) . All data were analyzed using R v. 2.15.2 (R Core Team 2012).
Results
Scanning Versus Weighing. Both the mass and area declined owing to feeding by T. castaneum. After 14 d, only an average (ϮSE) of 15.41 Ϯ 0.01% of the recorded mass and 14.61 Ϯ 0.01% of the recorded area remained for the disks held in the growth chamber (Fig. 2) . Beetles held at room temperature left 44.12 Ϯ 0.02% of the disk mass and 37.76 Ϯ 0.02% of the disk area after 14 d. For all dates but one, the ßour beetles held at 30ЊC ate more than the ones held at room temperature (Fig. 2) . The average percent remaining of the disks as measured by mass and by area using a scanner were signiÞcantly different (P Ͻ 0.05) between the growth chamber and room temperature bins for all days (Fig. 2) .
The decline in area with time was greater than the decline in mass for both the growth chamber and the room temperature experiments (Fig. 2) . For example, the day following the initiation of the experiment at which Յ50% of the diskÕs measured mass or area remained differed depending on the measurement technique and environmental conditions. In the growth chamber bin, on average Ͻ50% of the disks remained at day 8 if measured using mass, and at day 6 if measured using area.
There were no signiÞcant differences between the mortality of beetles held without food at room temperature (3.20 Ϯ 0.49) and in the growth chamber (5.00 Ϯ 1.00; W ϭ 19.5; P ϭ 0.0156) or with food at room temperature (0.24 Ϯ 0.12) and in the growth chamber (0.04 Ϯ 0.04) plates (W ϭ 274; P ϭ 0.157) after 2 wk. We observed higher mortality in the starving controls compared with the feeding plates for both room temperature (W ϭ 0; P ϭ 0.007) and growth chamber (W ϭ 0; P ϭ 0.007).
There was a signiÞcant correlation (P Ͻ 0.001) between the disk mass (gram) and the disk area (square centimeter) for both the disks held at room temperature and for the disks held at 30ЊC (Fig. 3) . The relationship between area (square centimeter) and the mass of the disks (gram) is described by the following equation for the disks held at room temperature (Fig. 3A) : Area ϭ 36.59 (Ϯ0.42) (mass of disk) Ϫ 0.07 (Ϯ0.02) (R 2 ϭ 0.86). The relationship between area (square centimeter) and the mass of the disks (gram) is described by the following equation for the disks held in the growth chamber (Fig. 3B) Photographing Versus Weighing. There was a signiÞcant correlation (P Ͻ 0.001) between the disk mass (gram) and the disk area (square centimeter) using the disk photographs over 7 d (Fig. 4) . The relationship between area (square centimeter) and the mass of the disks (gram) is described by the following equation: Area ϭ 32.03 (Ϯ0.78) (mass of disk) Ϫ 0.21(Ϯ0.05) (R 2 ϭ 0.96). Loss on Bench Top. The Michaelis-Menten model varied depending on the treatment (Table 1) . The measurements using mass had a higher percent loss asymptote than the measurements using area. In all four treatments, most of the loss in area and in mass occurred within the Þrst few hours (Table 1) . There was larger SE in the room temperature area measurements than in the other three measurements.
Discussion
The gravimetric method developed by Xie et al. (1996) has proven to be an effective tool for examining the effects of compounds on feeding and survival of stored-product insects (Liu and Ho 1999 , Huang et al. 2000 , Hou et al. 2004 , Fields et al. 2010 . In this article, we present alternative methods using a scanner or a digital camera to calculate disk area. These inexpensive techniques correlate well with the gravimetric method that requires an expensive sensitive balance.
The advantages of the gravimetric method are that the data can be compared with previous experiments (e.g., Liu and Ho 1999, Fields et al. 2010) and it requires little treatment of the data after the measurements are taken. The disadvantage is the necessity of a sensitive scale and both the disks and the insects must be handled which, in some cases, can result in small pieces of disks being difÞcult to weigh owing to static buildup. The advantages to the scanned method are less handling of the disks and insects during the measurement and, depending on the program used to obtain the disk area, the area can be determined right away. The disadvantages are that the image is twodimensional so if the disks curl, that may increase the variation in the measurements. There also may be variation in the thickness of the disks, either between the disks or within a single disk (i.e., the edge of the disk compared with the middle of the disk). Such variation would not have an effect on the gravimetric method, but could affect the area measurement. Furthermore, there can be small disk pieces after the insects have fed, which may not be detected by the scanner. The advantages to the digital photographs are that they require little equipment and the photos can be taken rapidly. The area analysis can also be done using open-source software. However, this method does require the area of the disks to be calculated from the photographs, which takes additional time and, as with the scanning method, the image is two-dimensional, meaning any curve in the disk will change the measured area. These differences may be important to consider depending on the speciÞc requirements of an experiment such as sensitivity of insects to handling.
There was a loss of both mass and area when the disks sat out at room temperature for 4 h even with no insects feeding (Fig. 5) . We predict that this is owing to a loss of moisture from the disks. This would affect the disk mass, and it likely resulted in the disk edges curling slightly. This change in shape would have reduced the ßour disk area that the scanner (taking two dimensional images) could detect. This is an important consideration if taking all measurements is likely to take a long period of time, particularly as about half of the loss occurred in the Þrst 2 h (Table 1) , although the loss we observed was generally under 5%. However, good planning should ameliorate this difÞculty. For instance, the difference that we observed would likely vary depending on the conditions of the room in which the experiment is being conducted. The mass of the disks likely showed, on average, a higher percentage decrease than the area of the disks because the change in disk shape detected by the scanner was smaller than the loss of mass from the moisture. There also seemed to be the most variation in the area measurements of the disks kept at room temperature.
A higher percent loss was found at increased feeding temperatures, which is consistent with ßour beetles developing more quickly at 30ЊC than at 25ЊC (Howe 1956 ). Although the percent loss owing to feeding over time varied signiÞcantly depending on the way in which it was measured (area from a scanner vs. mass), there was signiÞcant correlation between the area measurements and the mass measurements. An expensive sensitive balanceÑwhich is required for weighing the disks to an appropriate level of accuracyÑ may not be available in all situations, but either scanning or taking photographs can be used with equal accuracy. In addition, there are open-source software sources available for analyzing the images, maintaining the low cost of this method. A higher resolution camera would also increase the sensitivity of using digital photography to determine feeding. It is also worth noting that while there was less variation in the correlation between scanning and weighing the disks when they were held in an incubator, there was a strong correlation even if the disks were held at room temperature. This indicates that even if an incubator is not available the technique could still be used. The signiÞcant correlation between the three measurement techniques makes them comparable with each other in terms of accuracy and allows researchers with limited resources to assess feeding and compare their results with those of others.
